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Abstract. Usillg  carrier phase  arid ImLIdorarIgc  data fro[n  a s[[lall network of

globally distributed (;l)S rcceivcrs with  precise tiIIle  rcfcrcnces, we are able to esti[tlate

G1’Sctocli  paraxneterswery  30sec,  with sill.) -(lc’ciIll[’tc> [accll[acy, irl a colrlputatiorla]]y

cfficicnlt  rnautler. Over tillw a]ld tile I;artll’s  surface, ttlerc are usually five or Illore

satC!]]itC’s  atJOVC  15° elt2Va,tjC)Il  all~]e  W’jt,ll \f’(’]1  d(’t~llliilld C]OCli sOllltjOIIS,  alt}io[lg,]l

ocxasioIlally  some isolated locatio[]s  view fc}\’cr  tlla[l  four. ‘1’l~e  accuracy obtailld  is

a factor of 100 to 1000 tilnes  t.mttjer  tlla]l that  of clocks  iIl the broadcast  Iiavigatio]l

Inessage,  and allows  post- proccssillg  of hi.gll-rate sillgle-rcccivcr  ki[lelllatic G}}S data

w i t h  fewr-c In-level  precisioIl  WlIeII u sed  irl coIljullctio  Il w’ittl ]Jrecisc (;1’S orl~its. ‘] ’he

c l o c k  estitnates  can  be i!ltcrpolated  to arbi trary tiII]cs,  wit}] all adctitioIlal  error due to

Selective Availability (SA) clock ciit,heri[lg, of al)l)roxill~atclY 7 CIII r~ns. ‘J’}IC irlt,erl)o]atioI]

error could be reduced to about 2 CIII if 15-SCC data were  analyzed  iI\stcad of 30-SCC

data. ‘1’hc amplitude of the daily clock variahi]ity  is ty[)ically  24 Itl for satell i tes

affcckcl  by SA. ‘J1ernporal  variat ions are we]] II Imleld  l)y all a~ltocollclatiorl  fuIlctic)Il

p ( d )  == eXp(--d2/2T2)  with T m 106 SCC.



Introduction

ZumlMrgc c1 al .  [1997] clescrihc  precise poirlt  Imsitiorli[lg,  that is, tllc  use of G1’S

satdlitc  orbits and clocks, estir[latccl  w’itll data from a global Ilctwork  of geocletic-quality

G1’S rcccivcrs,  to efficiently allalyzc data frorli arbitrary G1’S rcceivcrsl  }vit}lout the

IIeccl to forIIl  cliffemmccd  data wit, h rcfcrmlcc  receivers. l)aily  prccisioIl  of a fc~v 111111  ill

tllc  IIorizontal  and crn ill the vertical is acllicvahlc  for stationary rcccivcrs.

}Iccausc  of the irltcrltiollal  ditllcri[lg  of tllc  trallsrllittcr  clocks as a ~)art of selcc.tivc

availabil i ty [e.  g. ,  vun Grass  anal )11.aasc}l,  1996; Zumbc:r.gc  and  l)crligcr,  1996], cstilllatcs

o f  thcIn  czmnot  itl gc.Iicral  be i]ltcrpolatcd  ill tilnc wit]lout a severe d e g r a d a t i o n  ill

accuracy. 111 particular, the estiII~atcx  witl~ 5-llIill  spacil)g  p roduced  by ]Ilost  atlalysis

CCIltC1’s  in the ]nterl]atiollal  G}’S Service (1[1S), lvtlicll  arc accll~ate t o  a  few CII~, arc

aJJplicablc  oIl]y to data that occur witllill  a few Illii]isc’collds  of the b-rllill tilnes.  ‘1’lIc

application of precise point posit ioIli  Ilg is thus li]nitcd to data t}lat coincides w~itll  tiIncs

for which precise transinitter  clocks have tx:eII coIllputd.

W e  clcscribe  lIerc all cfficicILt  !Ilctllod  for tlIc cstilllatioll  of trallslnittcr  clocks at

a rate equal to the data rate of terrestr ial  rcxcivcm  w}~icll  vic~t’  the trallslnitters,

specifically 30 scc for the current  global  Ilct\voIk.  TYc Ilext  describe t}lc  cl(aractcrisitics

o f  tllc l}igh-rate  traIlsInittcr  clocks  with a  focus  011 t}leir teInporal variatioIls.  l“iIlally,

~ve apply precise point positio:lillg  with these  }Iig;h-rate  clocks to 5-SCC geodetic-quality

data froIn  both  a stationary  receiver and a rcccil’er  attached to a I’cllicle.

Method

A typical Jet l’rol~ulsiorl laboratory (J f’1, ) daily  analysis  of ,5-I[lirl  data froln  tllc

g l o b a l  !wtwork  c)f precisioIl  GI)S  rece ivers ,  called  the “l~linrl  solutioIl”  [JcflcrsoI/  c1 al.,

19!17],  results ill estiinatcs  of satellite ~)ositiolls  as a function  of tir[le  slid tllc  transI[]ittcr

clock  solutions at 5-rrliIl illter~rals. ‘J’llc  followi[lg 1(’ct~il’c’[-sl)ecific  l)araIIlcters  arc a l s o

csti[llatc({:  ( 1 ) sl~atia]  cooldillatcs  of rcccivcr locatif)Ils,  (2) rf>cciver clock  corrcctio[lsf
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(1) zc*litt] tropospl]crc  d e l a y s ,  a*,d (4) ]Jl,ase t~ias para*]ietcrs.  f~xccpt  for (2) t}lcsc a~~

cittler picccw’isc constant  or vary sl[lootllly  with ti[llc.  Iillowldgc  of their values  (’very  5

l\lill  is sufficient to dctmni[ie  their  values  at illterll~diatc  tillles, through il~tcr~)olation.

If the receiver’s tiIIlc  reference  is a lIydrogcII  Inascr (or all especialljr  good rubidiuln

or ccsiunl  clock)  tllell  tllc  rcceivcr clock  corrm-tioIls  wil l  also k tmnporally  sIIlootll.  F’or

SUCI) receivers tllc l~lillll  clock solut,  ion call bc illtcr}jolatd  to yielcl values  at irlterlllcdiatc

times. ‘J’]Ius,  for tllc  sllt~sct  of rcccivcts  ill ttlc  11’lin[l  solution  with slllootll  c locks ,  a l l

paralncters  except  the higtl-rate  tralls[nitter clock solutions are very \vcll  kllowll at all

tilllCX. ])ata from SLIC}I a subset cal! be alla]yzed  at t]lc  full  30-SCC  data rate to est imate

precise GI’S  clock solutiorls  without the lIcd to c5ti Irlatc  arly otllcr para I]ieters.  ‘1’his

allows data from cacl  I satellite to k aIlaly7,cd Jvitllout  regard  to clata f[oIll ally other

satellite.  (’1’]lC’ ScheI[lC!  iS aIla]o~oUs  h ])1’(!ciS[!  l)OiIlt ])OsitioIliIl~,  ~~cc!~)t t]le ~o]~s o f

trarlsluitter and receiver have bccIl reversed.)

‘J’hc e s t i m a t i o n  s t r a t e g y  t~egil~s Wit,ll  a site selcc,tio]l pIOCfX]UIC.  ‘J’]le statioIl t}lat

w a s  usccl as tllc rcfcrcllcc dock  ill tile ]1’lilill  sol[ltioll  for tlIc  day is sclectd  first.  (’J1}IC

error for tllc reference clock is assulllccl  to be zero. ‘1’IILIS  all otllcr  clock  cstilnates  are

\vitll resepct to this clock. ) NTcxt, clock  solutions of otlier sites  used ill tllc }~lilln solutiol)

arc exalnillcd  for telll~)oral  slnootlllless,  as IIlcasurccl  by collsistellcy  betwwell each  5-lniIl

value  alld  all cstilnate  of it basal oll cubic illtcrl)olatio]l  of t}le four rlcalcst  (in tilnc)

neighbors. Sites with  sufficiently sltlootll  clock solutions ‘2.5 clti Ilns a re  cons ide red

as cal]cliclatcs  for illclusioll. ‘~’}ic l“lilill  site sclcctioll  lJrocedurc  is irltellded  to Cllsurc

scvcra]  c:\lldidatcs.

Seven  of tllc  calldidatcs, togctller w’itll  ttle  rcfercflcc  clock  site, a rc  cllosell to give

good global distriLutioll. I)ata frorll tile eight sites at tile full rate of 30 scc are t}le[l

llscd to estilnatc G1’S clocks every 30 sec. All other })aralllctcrs, including  ])hase bias

I)aratllcte,rs,  aw fixed to tllcir values  as c>sti[llatc(l  i[~ tllc’  1+’lillll  free’-[let~volli sollltioll

(agaiii, statioll  c l o c k s  slid tro~)os~)}lere  est,illlate.s art illtcrl)olat(d  [roll]  ttleir 5-ll]ill\lte
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v a l u e s  to every 30 see), allcl  only  GI’S  clock  solutio[]s  arc es t ima ted<  l)ata froln  a]]

rcccivcm  that view a ~Jarticular  satellite at a givctl ti]ne arc used to estilnatc  ttlc  si[lgle

LIIIk IIOWII for that satellite ancl at that tillle:  tllc  satellite clock. It takes 3 to 4 ltr 011

a 40- Mflop  RISC workstation to analyze 24 hr of 30-scc.  clata  froln  8 mccivcrs  arid 2,5

satdlitcx.

‘1’lIe 30’sec clock  solutiolls  thus  dctcrlnilld  arc collsistellt w i t h  t}le F’lillrl  free-

Ilctwork  orbit, since  parameters fml[] that solutioll, as opposed to the l“lillll  “fiducial”

so]utiorl  (based on IrJ11{l’94  [}~ouchcr  c1 al., 1996] ) ,  are fixd wllell Cwtirllatirlg  l)igh-

rate satellite clocks. A high-rate clock solutioll  collsistellt with the l“lill]l  ficlucial ort)it

is detcrnlillccl  by tilnc illtcrpolatioll  of tllc  slo~vly  varyirlg  (Ilours)  difference (order of

10 C1n) between tile  F’lilln  fiducial alld  free-llctivork clock  solutiolls.  ‘J’his  differe!lce  is

tllell actclecl  to tllc jLlst-cleterlllillecl  high-rate free-llcltvorti clock solutio]l.

Coverage

Shown  in l’igure  1 is a Inap of sites for tile ~~criocl  from August  11, 1996 tllxougll

April 18, 1997 from w}lich data were used or] one or IIlore days ill t}le Inethocl  described.

‘] ’he lahelcct  opem circles inclicate  sites that were cllosell frquclltly  and account  for the

large majority of clata.  Solid circles illdicate  less frequently selected sites. oceanic areas

in the southern hemisphere and A1ltarctica are Ilot WC1] coved, irl I)art  because of data

latalcy.

‘1’lle global  coverage varies  dcpclldillg  oll data availat)i]ity  frolll sites }vitll  g o o d

reference  c l o c k s .  SIIowll  irl l“igurc  2 is a glol)al contour  lJlot  illdicatil~g  the al’erage

llu Inhcr of satellites in vicwv above 15° elevatiol]  angle with well detcrrnirled  30-sec  clock

solutiolls  for January 11, 1997. ‘1’hc eig}lt sites LISd for that day’s arlal~’sis  are a l so

indicated. ‘1’his  figure indicates a sornew]lat  t~etter  ttlarl  average day.

All cxal[ll)lc  of poorer coverage is SIIOWII ill figure  :] for Jalluary 17, 1997. OtI that

d a y  o~]ly one site ill tile  southcrll  hc[nisphere  wittl  a  good clock was  LISd i[l the F’litln
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solut, io[l. A consequence is that no set of ca[ldidatcs  avail al)lc for the lligll-rate solution

call give good glot>al  covcragc. ‘1’hc rcs~lltillggtot[lc’try  li[llitsttlesc~l(ltic)ll  of lligh-rate

transmitter clocks  so that the llulnber  of sucli satellites ill view at~ove 15° elevation from

areas ill the southern hmnisphmc  is typically fe}ver tllaIl four.

Accuracy

Onc consistency check on the solutiolls  is to colnparc  the lligll-rate  rcsu]ts  with the

h’linn results for coIIlmolI  times and satellites. llccause all other  paralnetcrs ili the t}vo

solutiolls  are ic]entica],  diffcmlces will arise because ollly sollle  of the! ~{’)illn  stations arc

LIsed in the high-rate estimation. ‘1’he rlns diflcrcmcc  for this colnparison  is ol)ly 6 mIn,

comistalt  with the typical lCVC1 of post fit ~)hasc residuals in citllcr solutioll.

A second  check  comparm the results froln  adjacmlt days llcar  tile Inidllight  boundary.

l’or the l’linn  solution 30 hoLIrs of data ccntcrcd OII IIOOII  arc Llscd for a daily analysis,

and a six-hour overlap  is thus avai]able for each day. ~“or t]lc l[ig}l-rate solutiolls,  27

hours of data are used, bcgirltlirlg  3 hours before tlic  start of tlie day of allalysis,  givillg

3 hours of overlap for every clay atlalymd. ‘1’lle IIIM dctraldccl  (ranoval of  linear  tam

so that tile tilnc series averages zero alld  has 110 overall slope) clif[erellcc  bctwmlI  clock

solut ions cluring  the overlap pcriocl  is typically 7 to 11 CIIl for both tllc I“lillll  and

high-rate solutions. ‘1’llis  is collsistcllt wittl  orbit overlaps of 10 to 15 cllI.

Availability

2’llc ftp server at sideshow. jpl .nasa. gcjv contai[ls  tllc  results of all autolnated

procedure at JI’1, that produces s~)3-forlnatted  film for tllc  lllillll fiducial orbit a[ld

IIigh-rat,e  clocks; the area is /pub/ jpligsac/hirate. l“ilcs forlIlattcxl  fcjr u se  ill JI’1,’s

~i~)sy/oasis-11  software arc ill /pub/gipsy-product  s/hrclocks.



Characteristics

Sho\vll in l“igurc4 is tllc  clctrencled  (over  tllc  day) prtl13  clock solution  for a four-

liour  period OIL January 11, 1997, which exhibits  typical behavior for SA-affcxted

satellites. ‘] ’he rills  clctrerldccl variatioll  over  tile  day is 24 m. ‘J’hc salnplc a~ltocorrelation

function is shown  ill I’igurc  5 (s[nall  solicl  circles) . ‘1’hc dotted  line  is  tllc function

p(d) == exp(-d2/2T2)  with T == 105  sm.

‘1’hc error Illade  ill interpolat ing tile  30-scc solutiolls  to illter[tlcdiate  tilncs can be

estimated by asking how cubic illtcrpolatioll  of four equally spacccl  points  with separation

6t can  predict the va]uc  midway  bc tw’ce l l  tile tivo Iniddle  poirlts.  l“or Jt == 60 sec and

6t = 120 scc we obtain rms values  over the day  of 57.4 cIn and 405.2 cm, respectively,

for the time series  in F’igurc 4. Although wc do Ilot have poillts  every 15 see, wc can

extrapolate the results for 6t == 60 see and 6t = 120 SCC. and estilnate  that the interpolation

er ror  fo r  6i == 3(I sec will bc about  57.4 CI1l x ~7.4/405.2  N 57.4 CI1l + ~ N ~ crIl at

ti]nes midway bctwccll the 30-sec  ]narks.  ‘j ‘hc lnidway points correspond to Inaxirnum

illtcrpolation  error; the rIxls  ixiterpolatioll  error for uI)iforInly  distributed ti[ncs is reduced

by approxi]nakly  1/<2 to about 6 CIII.

IIascd on soInc  I-SCC clock  solutions  of l~crligcr cf ai. [1997]  that wmc  der ived  f rom

l-see data, the rlns illtcrpolatioll  error for 30-sec  spacing is 8.5 cnl, rcasollably  corlsistent,

with the abo~’c approxilnatioll. ‘J’hcsc  salnc solutiolls  irldicatcd  t h a t  the intcrpolatio!l

error for 15-SCC s~)acing  is 2,3 c.]n; a sigtlificallt  irnprovcmcnt  would thus be c)btained  if a

gcwgraphica]ly  well clistributml  subset of t}]c glot)a] rlctwork,  with good rcfelerlce clocks,

Jvcrc to operate at 15-SCC data rate i[lstcad of 30 SCC..

One other  quarltity  of illtcrest  is tllc  irlstalltallmus  slo~je. F’or this satellite and day

its rms value is 22.5 clniscc,  wllicll is llot clltirelJ’  rlcgligible.  Co[lsider  [llcasurcll~cnts

by two te.rrcstrial  reccivcrs silnultallcously  vicwillg  ~)rl)l  3. F’or sirllp]icity assume that

tllc  receiver  clocks arc perfect. I“or cortllnoll  rm:c,ive  tirllr, tllc  diffcrellcc  itl phase (or

pscudora[lgc)  lllcasurcnlcIlts  t)ctwecll  tt]c  two receivers \vill  })C indel)elldent  of prll]  3
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clock error crccpl for the fact that,  sig[lals  at cotl~tnon rmwive ti[~lcs correspond to slightly

difrcrm~t transmit titnes.  Measurcnlcnts  frolll tile  t}vo rcceivm am thus associated with

slightly different trallslnitter clock  values.

At] extreme case occurs W1]CI1 tl~e satellite is at mlith from the point of view of onc

receiver and at the horizon frorll the point of view’ of the other. l’or this geometry the

range differential of % 5600 knl  about 19 IIIS diflcrmtial  light travel tilne  contributes

a residual rms error of about 22.5 c[n/sec x 0.019 sec % 4 Inrn.  “1’o our  knowledge

this effect is typically ignored, even in precise almlysis  of G PS c{ata. k’or software that

acc.oul~ts for receiver aud transmitter clocks  by rllodelillg  unc{ifferenccd  clata  one  can

accommodate the effect by estilnating  illstantallcous  trallslnitter  clock rates as well as

values, providecl  that  the network of receivers gives sufl-icient geometric strerlgtll.  F’or

software that forms double-difference datatyl)es  to relllovc  clock errors, the effect  is

problematic.

F’igure 6 shows the detrmlded  prll15  clock solution every 30 sec for a 4-hr period on

Jal~uary  11, 1997. Note that full scale or] the ~crtical is forty -tilllcs slnallcr  thal~ that ill

l’igure 4. ‘1’his  is an example of a clock urlaffccted  by S.4. ‘J’lJc rrns  variation over the

clay is 84 cm, but the variations are sn)ooth  on short tilllescales,  so that iutcrpolation  of

the 30-sec tinlc series  is accurate to better thal]  1 c.rn rlnso

‘] ’he clock characteristics of the GIIS satcllitm  arc relnarkably consistent, at least

for the period  August 11, 1996 throug]l  April 18, 1997 that was cxalnined.  ‘l’able 1

sullllnarizcs  tlieir values and variations.

Applications

Wl)cn tIaIismitter clocks are a~’ailablc at a l]igll  cIloug}I  rate to track SA trariatiotls,

tl~c[l  clata  fronl  a sil~gle  rcccivcr ca]~ be al~alyzed  }vitllollt  tllc  Ilced to from differences

\\’it II resljcct to refrr(:]lce  receivers. ‘I]llc ecollollly  a[ld sil[l}~licity  of this approacl) is

attractive.
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‘1’0 dcnlonstrat,e  the use of high-rate clocks, we apply  prccisc poiut  positiorlillg  to 5-

scc data from a stationary ‘1’rimble SS1~;  receiver in Montpelier, VcrIlloI]t,  which is part

of the CORS network (the file README.  txt 011 the ftp server cors .ngs .noaa.  gov  has

addit ional  irlformation),  and to 5-SCC data frolll a ‘1’urbol{ogue  receiver that was used

to track the motion  of a vehicle in Australia. (;c~rtain]y \ve expect the lnost illtermtillg

applications of high-rate precise clocks  to irlvolvc liillcl[latic  posit iolling  of vclliclcs

quipped  with G1’S receivers, as well as precision orbit and clock detcrn~ination  of Gl)S-

equippcd  IoL\’-F,artll-orbitiIlg  satellites. l)ata  froln  a stationery reccivcr  will provide a

best-case scenario for these applicatiol~s  ancl an obvious truth: no motiorl.

Stationary receiver

}Icfore invoking  the assumption of a rnovillg  rwceivcr, WC analyze the data with

a Inoclcl  that, considers the receiver to bc motiolllcss. ‘1’he receiver clock  is mocleled

as white noise, and the zenith troposphere delay is Inodelcd as a ranclorn  walk with

variance time derivative 1 Cm2/lIr. IIata Iioise is assu[ncd to be white  with a m p l i t u d e

1 cIt~ for phase and 1 m for pseudorangc.  No phase alnbiguities  are resolved. l,argc a

priori  ullccrtairltics  are assul[lcd  for paralnctcrs to be esti[natecl. ‘l’able 2 indicates  the

forma] errors of estilnated  receiver parameters with such a model, assuming both 30-SCC

aucl 5-rein data rates. Notice the substarltial  (and cxpcctccl)  reduction - approximately

a factor of 2 to 3 - ill tile forlnal  errors if O]IC increases  tile  arnoullt  of clata  by a factor

of 10.

‘1’his  reductiorl  i s  llot accolnpauicd  by a  silt~ilar’  rec~uct,iotl  ill observec]  daily

re~)catabilitics  of receiver coo~dillatcs , as illdicatccl  ill ‘1’able 3, based on 22 single-day

analyses. In fact, there is esselitially  110 rcductiol]  irl daily repcatabilities,  indicat ing

tell~poral  cc)rrelations  il~ ciata  noise orl tirtlcscalcs of a fc}v lIlinutes.  l“or s t a t i o n a r y

receivers,  t,llell, there is little additional irlforll]atio]l  ill a data rate that  is t~n times

Itlore freqllellt  tllall  otkcc every  ,5 mill. ‘1’lle [uore  realistic forlllal  errors itl ‘1’able 2 are
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those in the 5-lllin  co]unln.

Moving receiver

F’or a moving receiver, the value  in higher  rate data is, of course, ill fornlation  on

the location of the receiver, whose positioll  \vill  generally C.hallge  substantially over 5

lnin.  Sho\vn  in ‘l’able 4 are the forlllal  errors  of estilnatcd  rcmiver paralncters  wi th  a

rllodcl  that allows  wllitc-rloise  variation ill rccciver location, for both 5- and 30-scc data

rates. IIecause  the clock ancl coordinates arc assurllccl unkllowll  at each lneasurclllcnt,

their formal errors are essentially indcpelldellt  of clata rate. l]ecause  tile  troposl)llere  is

assulnecl  to vary slowly, there is a moclest  recluctioll  in its for[llal  error fc)r the 5-see clata

rate.

‘l’able 4 indicates strength in tllc data to detmlnille  the 31) position of a moving

receiver with fcw-ccmtimeter accuracy at each llleasuremcmt. A comparison of the 5-

nlin  columns of ‘1’ables  2 and 3 suggests optilnisln  ill tile forlna]  errors of a factor of

1 .86/0 .44 = 4 for the stationary receiver case.  l“igure  6 collfirllls  this ol)tirnism for the

moving receiver, at least clualitative]y.  ShowlI tllerc as a functioll  of time is the difference

bctweerl  tile 30-see movitlg-receiver  solutioll  allcl  the 30-sec  statiollary-rccciver  solution,

for the troposphere ancl vertical parameters on January 2!3, 1997. ‘1’he rms variation

over the day is 1.66 CID for the troposphere allcl 5.74 CII1 for tile  vertical. (rl’hcse  itlclucle

both an average difference ant] variations about the average; the variations arc by far

the dominant. )

‘1’able  ,5 sunllnarizes  suc]l  clifl_crellcm  fo r  a l l  estitllated  l~aratneters,  as }YC1l  a s

correlatiolls  in tllosc  differences. ‘] ’he suItl ill cluaclrature  of t]lc’ Ilort]l,  east, allci  vertical

components is 6.67 cm, apprc)xilnatcly  twice tile  value  of the forl[lal  error. NTcvcltheless,

tile  table illclicatcs  that kille[[latic  precise ~)oillt  lJositionirlg  of 30-sec  data is achievable

w i t h  ‘2- to :3-clll  llorizolltal  allcl 5- to 6-clll vertical  l)rccisioll.

NTotatJle  correlatiolls  ill ‘J’ablr .5 are ttlosc  atnollg  tll(’ vc’rtical,  clock,  allcl  trol)osl)herc
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paramctcm. (’1’hc correlat ion tmtwccll  tllc  t roposphere  and vmtical  is evident in

l:igurc  6.)  I’his  is IIot surprisi]lg,  si[lcc, for a satellite at zeuith, these I)aramctcrs arc

completely CICgc![lcxatc.

Additional infornlatioll  can  of course rcdum thcdcyymof  degeneracy among these

paramete rs .  F’or cxal[lple, positiolling  of a vclliclc  colIfillccl  to a track Jvould have only

orle, not three, dcgrcws of spatial frccxlol[l.  Or, au indcpclldcnt  cstiltlate  of troposphere

clclay  froln  a nearby  statiol)ary  rcccivcr  might, be b e t t e r  than all csti[nate  b a s e d  011

clata  from the moving rcccivcr. A third possibility \voulcl  bc a stable receiver clock  to

suppress the large correlation - 0.95- between the clock and vertical.

Interpolation effects

Although we indicated the forlnal  errors  for 5-SCX kinematic positioning in Table 4,

the results in l“igurc  6 ancl ‘1’able 5 arc Lasccl 011 30-SCC clata,  for which Ilo interpolation

error is present. Shown ill ‘J’able 6 arc tllc  obscrvccl  rills  variatiolls  in coolclinates  relative

to the stationary -rmcivcr Inoclcl. P’or comparison, tllc  30-sec  results fro]ll “1’able  5 arc

inclicatccl  as well.

‘1’he rms error that results from intcrpolatioll  of points with 30-SCC spacing is

approximately 7 CII1 for each translnittcr,  CIUC!  to SA as described earlier. ‘l’able ~

indicates the sensitivity of cstimatecl rcccivcr }jositioll  to I-c.111  pllasc  clata  noise.  WC call

approximate the interpolation error as clata lloisc, alld  scaling of ‘1’able 4 indicates that

the cstilnatccl 31) receiver positioll  will Lc 7 x :3.3 CII1 % 23 clIl, ill rcasollal>lc  agrccmellt

tvith  tllc  5-see colu IIIIl  in ‘1’able 6. I1ltcrl)olatioll  of 30-sec l)recisc  clock mti[natm is very

Inuch  affected by SA.

Vehicle-equipped receiver

‘1’lIc Allstralia kiuclllatic  GI’S  survey  }vas collclllcted  ill Novc[llct~r 1996 a s  p a r t  o f

a vclifjcatiol~  allcl ~alil)ratioll  for arit}orllc  radar illlagcry. AIL $cllallucl  ‘1’~lrt~ol{oguc



receiver was used  and its IlcJrIlc-Margolin  chokeri[lg  alltcllna  was nloullted  to the roof

of a truck. I)ata were  collected at a 1 -see rate a[ld decilllatcd  to ,5 scc for tirlalysis.

‘J’he results are givcm in ‘1’able 7, al~d are colLsistcllt with those of the previous

section.

Conclusions

I’recisc  estimatcx  of the G1’S clocks are routillely  cstilnatccl every 30 scc usil]g data

froln  a subset of the global G1’S network and a colll~~~ltatiollall~’  efficicmt  algorithm. ‘J’he

clock-dithering aspect of SA results ill G1)S satellite clock errors that vary by 24 m rlns

over  time scales longer  than a fcw hullc]rccl  secollds. ‘1’l)c variability is \vell  moclclecl  by

a Gaussiall autocorrelation  fuuction  with characteristic tirllc  of about 106 sec.

Killcnnatic  positiolLing  of movil~g  receivers with 30-SCW data rate cali be achicvecl  with

prccisioll  of approxilnately  7 crn 31) rJns ill tllc  cleterll~illatioll  of rcxxivcr  coorclinates.

I]igher  rate data can be analyzccl  by il~tcrpolatioll  of the 30-SCC precise clocks, provided

OIIC can  tolerate  a 3 X clcgradatioll  i~l a b i l i t y  t o  cletcrlnillc  receiver coorcli~latcs.  ‘4’lIC

effect of SA could bc largely clilnillatecl  itl  post} )rocessillg  applications if a subset of the

global  network operated at 1.5 sec data rate illsteac] of 30 SCC.
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Figure 1. f(’or the period frorti  August  11, 1996 tl)ro[]gll April 1S, 1997, sites SI1OYVI]

as opml circles (Algoncluin  I)arli,  Ontario,  Callada; I“airba[lks,  Alaska;  l~ortalcza,  Ilrazil;

I r k u t s kl ]{ussia;  Kokcc  I’ark, IIawaii; M a d r i d ,  Spain;  Manama,

Australia) and labclccl  with

and account for rnorc  thall

clocks. Sites showII  as solid

their 4-c}laractcr 1 I JS were  selected at

70% of the clata used ill mtilnating

circles were  selected lCSS tllall  34!Z0 of

Ilahrain;  ‘J’idbinbil]a,

least 47% of the titnc

nigh-rate tratlsmitter

tl]c time and accoullt

for fewer  than 30% of the data. lltlprovccl  coverage  in oceanic areas and  t}lc  soutllcrll

hemisphere would be valuat.)le.

F igure  2. II igh-rate satel l i te

data from the indicated sites.

number of satellites above 15°

c locks  for January  11, 1997 were  dctcrlnil~cxl  based on

‘1’he fullctio]l  rcqjrcsctltcd  by the colltours  ind ica te s  the

clcvatioli allglc  Jvith well dctcrlnillccl IIigll-rate clocks,

averagecl  over  the day. ‘1’he average value is 5.9 ill the northern  hc~nisl)here  allcl  6.0 in

the southern hemisphere.

Figure 3. Iligh-rate  satellite clocks for Jalluary  17, 1997 were dctcrmincd  basecl on data

froln  seven sites in the northern  hclllisphcre  arid only one ill the southern  hemisphere .

‘1’here ate large regions with only a few satellites with well dctcrlninccl  high-rate clocks

above 15° elevation angle. Although

northcrll  hclnisphcrc, it is c)nly 3.6 oll

Figure 4. ‘] ’he detrcnclecl  ~)rlll  3 clock

t})c! I1llIII1)CI’  of  SUCII satellites  a~fcrages  5 . 6  in the

average l)clow ttlc  ecluator.

solutioll  C\rCI’y  3(I sec for a 4-hr period  011 January

11, 1997, representing a tyl)ical  SA-afl_~ctcd  t rallslnitter. ‘1’lle rlns variation over tllc  clay

is 24 m. Cubic interpolation of ttlc  30-SCC valllcs is accurate to about 6 to S cm rlns.
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Figure 5. ‘l’he sample  autocorrletioll  based 011 tile  clctralded  prlll  3 clock  solution for

January 11, 1997. The clottccl  line is the fullctic)n p(d)  =- CXp(-d2/2T2)  with T = 105 sec.

Figure 6. ‘l’he detrencled pm] 5 clock  solution  every 30 scx for a 4-111  period on January

11, 1997. Note that full scale oll the vertical is forty  -tilncs  slnallcr  thall  that in h’igure 4;

this is a satellite ullaffactecl  by SA. ‘1’hc r!ns  variation over  the day is 84 c]n. ‘1’hc values

can be irlterpolatcd  to arbitrary times with all rms accuracy of less than 1 cm.

Figure 7, A comparison of the ki[lmnatic solution with tllc  static solutioll,  for 30-SCC

data.
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Tat)lc 1. Characteristics of GPS clock varial)ility.

rlns alnplitucle,  m 24.2 0.9
T, sec 105.9 3.9
rms interpolation error, cm 5.7 0.2
irlstantaneous  slope, cr[l/sec 22.5 0.7

‘l’he values are for  t ransmit ters  affected by SA. q’hc
p e r i o d  e x a m i n e d  was  August  11,  1996 t h r o u g h  April 30,

1997 for a total of 6036 satellite days. (About 1% of these
were rejected as outliers. ) l’he  uariation column indicates
one-standard-deviat ion variat ions over days and satel l i tes .
l’he rms interpolation error gives the estimated rms error
for intcrpolatioI( of 30-sec  points.



T.at)lc  2. For[nal errors of estimated rc-
ceivcr  parameters, assuming  a static)nary
receiver, for 30-SCC and 5-rein data rates.

——— ——.-———.——  .—. .
p a r a m e t e r 30 sec 5 mi n

-—.

troposphere, cm 0.19 0.34
clock, cm 0.95 2.56

31) position, cm 0.15 0.44



Tat)lc 3. observed daily repeatabilities
(receiver position allowed to vary day to
clay, but  not during any give[l  day).

component 30 sec 5 rnin

north,  cm 0.24 0.25
east, c[n 0.54 0.50

ver t i ca l ,  cm 1.82 1.77
31), Clll” 1.91 1.86



Tal)lc 4 .  Formal errors  of  e s t i m a t e d  re-

ceiver  parameters, assu[ning  receiver po-
sitio[l allo}ved to vary during the day.

_ -. --———
p a r a m e t e r 5 Sec 30 sec

———..

troposphere, CIII 0.34 0.45
clock, CII1 2.4 2.5

31) position,  cn) 3.4 3.2



Table  5. Variations and correlationsin estimated receiver Paral[leters

t roposj)here 1.66
clock -0.90 6.35
north -0.02 -0.11 2.28

east 0.12 0.09 -0.30 2.52
vertical -0.78 0.95 -0.26 0.20 5.74

l’he diagonal components  in  bold indicate  the rms difl’ercnce  over the day between

t}~erl]o}’ing-receit’er  andstationary-receiver solutions, in cm. ‘1’he off-diagonal components
indicate the correlation coefficient.
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‘1’atJlc 6. Effect  ofillterpolation error.

——— .. ——— ——— —.. — ——..—.  .
component 5 sec 30 Scc

—..——

north, CI1l 9.2 2.3
east, cm 7.0 2.5

vertical, c~n 20.6 5.7
3D. Crll 23.6 6.6
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T’al)le  7. l’ositio[l errors (r[([s, ctll) for several  locatious  ill Austral ia  fro[u a kine[[latic  G1’S
survey usirlg IIigt]-rate clc)cks interpolated to 5 sec.

cattle dirt road 422 nfa n/a 28.5
Eulo paved road 9 n / a [l/a 4.3
Corller2 paved roacl 17 ri/a ri/a 22.8
1’;UI02 paved road 37 rl/a rl/a 37.0
1+’lat tire s t a t i ona ry 909 8.2 4.7 15.2
I,urlch stationary 938 7.3 :),1 14.5

Vehicle  veloci t ies  were approximately 60 kn]/hr and 100 knl/hr  for t}[e dirt and paved roads, re-

spectively.  1’}Ic  u~rt:cfl~  colunln  iridicates  the rIIM residuals t)ct~vecr]  the observed vert ical  posi t ions from
two to four repeat passes along the roads and the best-fit 2nd-order polynomial to these positions. ‘1’hcse
are not corrected for relative vertical motion between the vehicle and the road, nor for short wavelength

road roughness. The horizontal positic]nin.g  precision can be evaluated for the stationary positions only.


